ROENTGEN RAY INTOXICATION : II. A STUDY OF THE SEQUENCE OF CLINICAL, ANATOMICAL, AND HISTOLOGICAL CHANGES FOLLOWING A UNIT DOSE OF X-RAYS. by Warren, S. L. & Whipple, G. H.
ROENTGEN RAY INTOXICATION. 
II.  A  STVDY  OF  T~E  SEQUENCE  OF  CLINICAL, ANATOMICAL,  AND 
HISTOLOGICAL  CIIANGES  FOLLOWING  A  UNIT  DOSE  OF X-RAYS. 
BY S. L. WARREN  AND G. H. W-I-IIPPLE,  M.D. 
(From The George Williams Hooper Foundation for Medical  Research,  University 
of California Medical School, San Francisco.) 
(Received for publication, August 16, 1921.) 
The  experimental data  given below supplement that  of  the first 
paper of this series.  All these experiments make it very clear that the 
initial injury of the epithelium of the small intestine is responsibIe for 
the severe clinical reaction and lethal intoxication.  The fact that this 
epithelium is  sensitive to  the Roentgen rays  has  not hitherto been 
clearly  recognized.  For  this  reason,  it  seemed  desirable  to  study 
carefully this reaction and record the histological and gross changes 
which follow day by day after the initial exposure. 
It is well to recall that the urinary nitrogen in these experiments 
shows a  prompt increase on the day following the exposure (experi- 
ments in Paper I  and those of Hall and Whipple (2)).  This increase 
is not great and no considerable rise is usually noted until the last 
day before death.  This urinary nitrogen curve does not in any way 
parallel the clinical reaction,, which usually presents a latent period of 
24 to 48 hours.  It is of great interest to note below that within the 
first  24  hours,  there  are  distinct  histological  abnormalities  in  the 
epithelium of the small intestine, yet this is always a period free from 
any clinical evidence of injury but showing a  slight rise in  urinary 
nitrogen. 
The appearance of  clinical intoxication coincides with  the actual 
initial cell disintegration which is so evident in the epithelium of the 
small intestine in the second 24 hours.  It is of interest that the crypt 
epithelium suffers first and  shows evidence  of  actual  necrosis  and 
solution before any change is apparent in the epithelium covering the 
villi.  This  may well  indicate  some  undetermined  differences  in 
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function as well as in histology between these two types of epithelial 
cell.  The epithelium of the villi does not show much disturbance until 
the 3rd day, when the clinical intoxication is also well marked  with 
bloody diarrhea and bile-stained vomitus. 
The severity of the intoxication on the 3rd and 4th days coincides 
with  the  disappearance  of much  of  the  epithelium  all  through  the 
small intestine.  One may choose  to explain this reaction as due  to 
absorption of toxic substances axld invasion of bacteria  from the lumen of 
t~ injured intestine.  These factors may be in part responsible for the 
intoxication, but we believe there are other possibilities which must be 
considered.  Some  of  these  are  to  be  reviewed  more  in  detail  in 
subsequent papers of this series. 
EXPERIMENTAL OBSERVATIONS. 
All  materials  used  in  this  study  are  obtained  from  dogs  killed 
under anesthesia and autopsied at once.  Tissues are fixed at once in 
formaldehyde (10 per cent) and stained usually by the routine hema- 
toxylin-eosin method.  Control  tissues  from  normal  dogs  are  fixed 
and prepared in exactly the same manner.  A m{n~mum of mechanical 
handling before fixation is necessary in this work.  Routine examina- 
tion of all organs in gross and histologically is carefully performed, but 
in the protocols normal findings are often omitted from the record. 
Experiment  1.  Lethal Dose of Roentgen Rays over Abdomen.  Killed 
after  2  Hours. 
Dog 20-33.--Normal, mongrel, adult, male; weight 32.5 pounds.  Dog fasting 
for 4 days previous to radiation.  Roentgen ray exposure over abdomen in four 
quadrants; no screens used, but usual 2 ram. aluminum falter.  In all, 480 mil- 
liampere minutes given; E. ~. 1~. of 89 kilovolts; current strength 8 milliamperes; 
skin-target distance of 10 inches.  Exposure given between 3 and 5 p.m.  6 p. m. 
Dog sacrificed by bleeding under ether anesthesia. 
Aulopsy.--Performed at once.  All viscera  examined  carefully  and found to 
be normal,  except for the kidneys, which show a few scars in the cortex.  The 
intestinal tract shows no congestion and no abnormalities of any sort. 
Histological Sections.--All organs  and  tissues  examined  in  routine  sections. 
There are very few abnormalities.  The kidneys show arteriosclerosis and dense 
scars; the prostate shows some hyperplasia.  Spleen and mesenteric glands show 
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Gastrointestinal  tract  at  first  sight is  negative,  but  careful comparison with 
sections of normal control dogs convinces one that some of the nuclei in the crypt 
epithelium of the duodenum and jejunum do show slight  abnormalities.  These 
nuclei are fuzzy looking and the chromatin is beginning to show very slight evi- 
dence of injury.  These changes are much more noticeable in the lymph glands of 
this  region. 
Experiment 2.  Lethal Dose  of Roentgen  Rays over Abdomen.  Killed 
after  24 Hours. 
Dog 19-130.--Apr. 15,  2 p.m.  Normal,  old adult,  male mongrel; weight  45 
pounds.  Dog fasting for  3  days  previous  to  radiation.  X-ray exposure  over 
abdomen,  450  milliampere  minutes;  90 kilovolts;  current  strength  7.5 milliam- 
peres;  spark-gap 9  inches;  2 ram. aluminum filter; skin-target distance 10 inches. 
Dog given morphia (½ gr.) before exposure. 
Apr. 16, 2 p.m.  Dog normal in all respects; chloroform anesthesia and exsan- 
guination. 
Autopsy.--Done  at  once.  All  viscera  examined  with  care  and  are  normal 
with the following exceptions:  Small  intestine is tightly contracted and contains 
only bile-stained  fluid.  Duodenum and  jejunum  show the mucosa  thrown  up 
into longitudinal  folds whose crests are specked with ecchymoses.  There are a 
few small scattered  ecchymoses all through the small intestine.  The mucosa is 
not markedly congested but is unusually bile-stained and this may be due to actual 
vital staining of the injured cells. 
Histological Sections.--Spleen and mesenteric lymph nodes show cell  necrosis 
in lymph follicles and numbers of phagocytes.  All of small intestine shows definite 
nuclear changes in the epithelium of the crypts.  Nuclei are pale or show frag- 
mented chromatin material.  There is a  definite invasion of polymorphonuclear 
leucocytes.  The epithelium of the tips of the villi shows no distinct change as yet. 
Experiment 3.  Lethal Dose  of Roentgen  Rays over Abdomen.  Killed 
after 48 Hours. 
Dog  19-101.--Apr.  9.  Normal,  adult,  female  mongrel;  weight  33  pounds. 
Dog fasting for 4 days and through experiment.  X-ray exposure  over abdomen, 
450 milliampere minutes; 90 kilovolts; current  strength  7.5  milliamperes;  spark- 
gap 9 inches; 2 ram.  aluminum filter; skin-target distance  10 inches.  Dog given 
morphia  (½ gr.) before exposure.  Thorax and pelvis screened by lead. 
Apr.  10.  Dog is normal. 
Apr. 11.  Dog bright and active, but vomits some bile-stained mucus at 2 p. m. 
Ether anesthesia and sacrifice  at 4 p. m. 
Autopsy.--At  once.  All  organs  examined  with  care  and  are  normal  except 
where noted otherwise.  Stomach contains a little bile-stained mucus, but mucosa 
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red blood in one section; the mucosa in general is pale, but shows scattered ecchy- 
moses.  There are longitudinal folds whose crests are pink and dotted with ecchy- 
moses.  There  are  few  congested patches  in  the  ileum.  Colon is  spastic  but 
mucosa normal. 
Histological Sections.--Stomach mucosa is  normal.  There  is  a  sharp  line  of 
transition from normal stomach to abnormal duodenal mucosa.  Here the duo- 
denal  crypts show fragmented nuclei and  cell  degeneration.  A  few wandering 
ceils are in evidence.  Mitotic figures indicate an effort  on the  part  of the  epi- 
thelium to regenerate.  There is some edema of the submucous tissues.  The epi- 
thelium covering the villi appears uninjured.  This condition is general throughout 
the small intestine.  There is a  sharp line of demarcation at the ileocecal valve 
and the colon mucosa seems practically normal.  Colon shows occasional crypts 
presenting degenerating epithelial cells and invasion by wandering cells.  Ovary 
shows degenerating ova with chromatin fragmentation. 
Experiment 4.  Lethal Dose of Roentgen  Rays over Abdomen.  Killed 
after 3  Days. 
Dog 19-50.--Feb. 11.  Normal, adult, female spaniel; weight 32 pounds.  Dog 
fasting  for  2  days before  radiation  and  through  experiment.  X-ray  exposure 
over abdomen, 340 milliampere minutes; 97 kilovolts; current strength  7.5 mil- 
liamperes; spark-gap 9½ inches; 2 mm. aluminum filter; skin-target  distance  10 
inches.  Thorax and pelvis shielded by lead.  Morphia  (¼ gr.)  before  exposure. 
Feb. 12.  Dog lively; a little frothy vomitus in afternoon. 
Feb. 13.  Dog less active; blood-stained stools and bile-stained  vomitus. 
Feb. 14.  Dog weak, much bright blood in stools, which contain  mucus and 
dots, very foul smelling; vomiting less frequent.  Ether anesthesia and sacrifice. 
Autopsy.--At  once.  Viscera all examined carefully and found normal unless 
otherwise noted.  Kidney: slight  scarring of cortex.  Pancreas: a  few tiny fat 
necroses close to bile duct.  Stomach contains blood-tinged, bile-stained mucus, 
but its mucosa seems normal.  Small intestine contains a little bloody mucus and 
it is irregularly contracted.  Duodenum  shows a dark, glassy, red mucosa which is 
thin and in places wrinkled.  The mucosa has lost its velvety appearance.  This is 
explained by the histology.  The rest of the small intestine shows much the same 
picture but the surface is mottled and some areas are much more abnormal than 
others.  Peyer's patches are rather conspicuous, due to the thinning of the mucosa. 
This change in the mucosa begins sharply at the pylorus and ends as sharply at the 
ileocecal Valve.  Colon: mucosa is in general pale but there are a few ecchymoses. 
Histological Sections.--Unless noted are negative.  Lymph follicles  in mesen- 
teric glands and spleen show evidence of injury and removal of damaged cells. 
Ovary shows degenerating and necrotic ova.  Bone marrow--lumbar vertebra-- 
shows  few marrow  cells  remaining  and  much  ceil  debris  in  large  phagocytes. 
Stomach: some cells in the mucosa appear slightly abnormal but there is nothing 
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crypts has  disappeared.  In many places,  the  villi  appear  as naked  polyps,  a 
little swollen and containing dilated capillaries.  The crypts are often filled with 
cell debris and wandering cells.  At times mitotic figures are seen in the remain- 
ing epithelium.  Wandering cells are conspicuous in all  this area--usually poly- 
morphonuclears.  There  is  a  noticeable  edema  of the  submucosa.  The  whole 
structure of the mucosa has collapsed because of the destruction of the epithelium. 
Some sections show a  mucosa which is almost normal.  This  "escape" of these 
areas will be discussed later.  Jejunum and ileum show the  same  extensive  de- 
struction of the epithelium with consequent collapse of the familiar structure of 
the mucosa.  Many sections would scarcely he recognized as  coming from the 
small intestine.  In places the mucous surface is covered with an exudate of red 
and white cells with fibrin.  Some areas show only a moderate injury, correspond- 
hag to the gross appearance. 
Experiment  5.  Lethal Dose of Roentgen Rays over Abdomen.  Killed 
after  4  Days. 
Dog 19-80.--Jan. 21.  Adult, female mongrel; weight 20.5 pounds.  Dog fast- 
ing for 2  days previous  to  radiation  and  subsequently.  X-ray exposure  over 
abdomen,  350 milliampere  minutes;  95  kilovolts;  current  strength  7.5  milliam- 
peres;  spark-gap  9½ inches;  skin-target  distance  10  inches;  2  ram.  aluminum 
filter.  Dog given morphia (~ gr.) before radiation.  Thorax and pelvis screened 
with lead. 
Jan. 22.  Dog active and normal. 
Jan. 23.  Dog less active, but no other clinical symptoms. 
Jan. 24.  Dog sick with soft stools and usual vomitus. 
Jan. 25.  Dog prostrated;  stools contain  fresh  blood and  clots;  temperature 
is  falling and  dog becoming comatose;  ether  anesthesia  and  sacrifice  90  hours 
after radiation. 
Autopsy.--At once.  Unless otherwise stated viscera are normal.  Mesenteric 
glands are enlarged, moist, and congested.  Stomach contains blood-tinged mucus 
and its mucosa is normal.  Small intestine  contains a  little  bloody fluid  and a 
few worms.  The mucosa in  many loops is  dark  red and glassy, specked with 
ecchymoses.  Other areas are more nearly normal and show the velvety texture 
of the mucosa.  The jejunum seems to be less uniformly injured  than the duo- 
denum and ileum.  Longitudinal folds with hemorrhagic crests are found in all 
parts of the small intestine.  Colon shows a pale mucosa specked with occasional 
ecchymoses. 
Histological Sections.--The changes noted in this autopsy are almost identical 
with those described in detail in Experiment 4.  The epithelial cells of the mucosa 
are conspicuous by their absence, and there is more evidence of mitosis and early 
repair on the part of the few epithelial  cells which remain in the injured crypts. 
There is  a  moderate  grade of edema  of the  submucosa and  some invasion by 
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source of the blood in the intestinal contents.  Occasional thrombi are noted in 
these vessels.  Stomach and colon show minimal changes.  In similar experi- 
ments one may find considerable  epithelial degeneration in the crypts of the colon 
mucosa but it is obvious that this epithelium is much more resistant than is that 
of the ileum. 
DISCUSSION. 
We may review the positive features of this Roentgen ray reactloh 
in dogs day by day following the exposure.  The first 24 hours show no 
c]]n{cal disturbance.  These dogs would pass as normal on the most 
critical examination.  The urinary nitrogen shows a  slight but con- 
stant increase above nomal.  The body cells, however, show some 
definite changes.  The spleen and lymph glands show readily recog- 
nized  cell  injury  and  nuclear  fragmentation within  2  hours.  The 
epithelium of the crypts of the small intestine also within  2  hours 
shows  distinct  but  faint  nuclear  changes.  Within  24  hours,  this 
intestinal  epithelium  shows  nuclear  fragmentation  and  cell  injury 
together with a wandering cell reaction (leucocytes and macrophages). 
The ova in the ovary show the familiar nuclear reaction of degeneration. 
After 2 hours, the small intestine may show a  distinct flushing of 
the mucosa.  This may or may not be due wholly to the x-rays, but 
it may be noted as perhaps similar to the erythema of the skin which 
may be noted a  few hours after an erythema skin dose.  The skin 
may not show distinct injury (burn) for many days after this initial 
reaction to  injury by the x-rays.  Apparently the various body cells 
have individual peculiarities in  their reaction to  toxic doses  of the 
x-rays, especially as regards the latent period.  Compare leucocytes, 
intestinal epithelium, and skin epithelium. 
Within  the second 24  hours  after a  toxic dose of the x-rays,  we 
see many distinct  changes from  normal.  Usually  there  is  definite 
clinical abnormality, although at times this may be very slight.  As a 
rule, there is loss of appetite and activity.  The dog often vomits a 
little mucus and passes a soft stool or two.  Autopsy at this time shows 
an intestinal tract which may appear normal except for a  few ecchy- 
moses in the small intestine.  There may be abnormal bile staining 
of the mucosa, due in part perhaps to the presence of dead epithelium. 
The intestine in general is apt to be spastic and reacts to the stimuli 
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is  probably  the  result  of  the  early  inflammation beginning in  the 
mucosa and submucosa.  This spastic tendency, we believe, explains 
the longitudinal folds which are so conspicuous in the 3rd and 4th 
days with their crests marked out by congestion and hemorrhage. 
Histologically, in  the second 24 hours, we find a  number of im- 
portant  changes,  practically  all  in  the  small  intestine.  The  epi- 
thelium of the crypts shows severe injury with nuclear destruction 
and even cell necrosis and desquamation, so that the crypt lumina are 
filled with  cell debris  and  wandering cells.  The epithelium of the 
villi still remains to all intents normal.  The wandering cells are not 
yet conspicuous in  the  submucosa and  are  usually polymorphonu- 
dears.  There are a little sUbmucous edema and occasional extravasa- 
tion of red cells.  These changes are conspicuous from the pylorus to 
the ileocecal valve.  The colon shows occasional small patches in which 
the crypts show similar but less advanced iujury. 
The  third  24  hour  period  is  one  of  violent  clinical  disturbance 
and frank anatomical changes, mostly limited to the small intestine. 
The  dog  is  constantly  retching  and  frequently  vomiting  a  thick 
mucoid bile-stained material.  There is usually much fluid diarrhea, 
often with blood and mucus.  Tenesmus may be much in evidence. 
Smears from fecal material show numbers of red  and white blood 
cells,  epithelial cells,  and bacteria.  This period gives marked ana- 
tomieal changes in a  typical case.  The entire small intestine from 
pylorus to ileocecal valve  looks  raw,  red,  and  thinned  out.  Some 
areas may escape and appear  relatively normal.  We believe these 
areas  of severe injury of the mucosa are  to  be  explained by  over- 
lapping areas of exposure.  They may also be in the uppermost coils 
of intestine in the abdomen. 
The histological material is of great interest but we cannot review 
the  details.  There  is  almost  complete  loss  of  crypt  and  villous 
epithelium, and the mucosa collapses into an atypical matrix of villi 
and empty crypts.  Some sections are almost unrecognizable.  Villi 
appear  as  naked polyps with  congested capillaries.  A  few  crypts 
may contain occasional epithelial cells  which are large and contain 
mitotic figures--an attempt at early repair.  The bloody fecal con- 
tents are easily explained by this picture.  In spite of these raw areas 
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expected.  There are a little edema and a distinct increase in wander- 
ing cells.  We believe this point is of much interest as regards  the 
common conception of the intestinal epithelium as  the sole barrier 
between  the intestinal  bacteria  and  the  blood  and  lymph stream. 
This point will be taken up again in detail with a  study of its bac- 
teriology. 
The fourth 24  hour period is much like  the third but shows in- 
creasing intoxication.  Death usually follows on this day.  There is 
great loss of weight and strength.  Vomitus and diarrhea  continue 
unabated and the dog finally goes into coma preceding death.  The 
histology is much like that described for the 3rd day, but evidences of 
epithelial repair may be more conspicuous and of fascinating interest 
to the histologist. 
It is a common observation that lymph follicles and Peyer's patches 
show less injury than do the neighboring epithelial cells of the mucosa. 
Our  sections  would  indicate  that  the  epithelium  of  the  small  in- 
testine is at least as sensitive to the x-rays as are the lymphocytes of 
the same area.  In fact, by a large dose of the x-rays, we can actually 
destroy all of the epithelium, while many clusters of lymphocytes still 
remain.  It is possible, of course, that lymphocytes in different parts 
of the body have varying susceptibilities to  radiation,  so  that  this 
observation in the intestine may not be applicable to the lymphocytes 
elsewhere in the body. 
It may be noted at this time that a  recent publication of Denis, 
Martin, and Aldrich (1) differs considerably in its interpretation of the 
abnormalities noted after long x-ray  exposures.  Rabbits  were used 
and in our experience are not as favorable animals for this work, al- 
though the changes are similar.  In their discussion, Denis, Martin, 
and Aldrich suggest that these epithelial changes in the intestine are 
"the result rather than the cause of the intoxication" and not pri- 
marily responsible for the intoxication.  We are confident that our 
experiments  give  convincing  proof  that  this  epithelial  injury  in 
the small intestine is due to the x-rays and is in itself responsible for 
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SUMMARY. 
Roentgen radiation in lethal dosage, given over the abdomen of 
a  normal dog, is followed by a  physiological reaction of remarkable 
uniformity. 
The first 24 hour period following the exposure is negative clinically 
and  anatomically,  but  histologically we  see  frank  changes  in  the 
bone marrow, spleen, lymph glands, and ovaries.  There are definite 
nuclear  changes with  degeneration in  the  crypt  epithelium of  the 
small intestine. 
The  second 24  hour period  shows  slight clinical disturbances  of 
gastrointestinal nature  (vomitus and diarrhea).  The mucosa of the 
small intestine shows scattered ecchymoses, but the histology of the 
small intestine is important.  The necrosis of the crypt epithelium 
may be  almost complete, while the epithelium of the villi remains 
practically intact.  There are a little edema and invasion of wandering 
cells. 
The  third  24  hour  period  shows  increasing  clinical  disturbance 
with vomiting and bloody diarrhea.  Anatomically the small  intes- 
tine from the edge of the pylorus to the rim of the lleocecal valve looks 
raw,  red,  and  inflamed.  The  crypt  and  villous  epithelium has  in 
large part  vanished, leaving a  collapsed framework of  the  mucosa 
showing a little edema and invasion of wandering cells. 
The 4th day marks the peak of the intoxication, and death usually 
takes  place  at  this  time,  preceded  by  coma.  Anatomically  and 
histologically the picture is like that of the 3rd day.  There is more 
evidence of mitosis and efforts of repair on the part of the intestinal 
epithelium. 
The stomach is not concerned in this reaction, but the colon may 
show evidences of a slight injury.  The colon is obviously much more 
resistant than is the small intestine. 
We believe the evidence is conclusive that the injury done the epi- 
thelium of the small intestine is  wholly responsible for  the stormy 
clinical picture and fatal intoxication. 
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